Abstract| Neuron is the most important building block in our brain, and information processing in individual neuron involves the transformation of input synaptic spike trains into an appropriate output spike train. Hardware implementation of neuron by individual ionic/electronic hybrid device is of great significance for enhancing our understanding of the brain and solving sensory processing and complex recognition tasks. Here, we provide a proof-of-principle artificial neuron based on a proton conducting graphene oxide (GO) coupled oxide-based electric-double-layer (EDL) transistor with multiple driving inputs and one modulatory input terminal.
materials such as ionic liquid and solid electrolyte films have also attracted considerable attention [16] [17] [18] [19] [20] . Ion conducting electrolyte films are favorable for electric-double-layer (EDL) modulation and enable the EDL transistors to emulate the synaptic plasticity and computing functions with very low energy consumption.
Artificial neuron devices with multiple presynaptic inputs are of great significance for neuromorphic systems because biological neurons usually receive thousands of synaptic inputs and dendritic integration can greatly enrich the computational power of neurons. Here we provide, for the first time, proof-of-principle artificial neurons with multiple presynaptic inputs based on proton conducting graphene oxide (GO)
electrolyte films coupled oxide-based EDL transistors. Such artificial neuron devices show dendritic integration, orientation tuning and neuronal gain control functions, which may provide a new-concept approach for brain-inspired cognitive systems.
GO is the derivative of a graphene sheet that has been modified with oxide functional groups 21, 22 . The epoxy, hydroxyl, and carboxyl groups are widely accepted as the main functional groups on both its 2D basal planes and edges, which endow GO with various technological applications such as supercapacitor, ion-exchange membrane, etc [23] [24] [25] . Figure 1a shows the X-ray photoelectron spectroscopy (XPS) C1s spectra of the as-prepared GO film. The C1s spectra were compared by deconvoluting each spectrum into four peaks that correspond to the following functional groups:
carbon sp 2 (C=C, 284.8 eV), epoxy/hydroxyls (C-O, 286.2 eV), carbonyl (C=O, 287.8 eV), and carboxylates (O-C=O, 289.0 eV) 26, 27 . All percentages of the oxidized materials were combined such that GO had 66% oxidized carbon and 34% graphitic carbon indicating the abundant oxide functional groups. The proton conducting properties of GO-based materials were reported recently 28 . The protolysis process was proposed occurring through hydrogen bonding networks constructed by the oxygen containing functional groups and water molecules attached on the surface through a Grotthuss mechanism 28 . Figure 1b shows the possible mechanisms of propagation of protons supported by single and double GO walls 28, 29 . What's more, for multilayer GO, protons can change path from one layer to the surrounding layers through nanopores, which also contribute to the good proton conductivity 29 . Under the external electric field, an oriented transport of protons through a sequence of hopping results in the accumulation of protons at the GO/Au interface (bottom ITO positively biased), and a so-called EDL capacitor can be formed as the equilibrium state.
Frequency-dependent specific capacitance curve of the GO film was shown in Fig. 1c .
The specific capacitance was measured with an Au/GO/ITO sandwich structure as shown in the inset of Fig. 1c . A maximum specific capacitance of 18 µF/cm 2 is obtained at 1.0 Hz due to the EDL effect although the thickness of the GO is estimated to 540 nm. Figure 1d shows the leakage current of GO film, which is also measured with an Au/GO/ITO sandwich structure. The leakage current is estimated to be less than ~15 nA in the voltage range from -1.0 to 1.0 V. It's reported that GO has randomly allocated nonconductive sp 3 carbon sites that are responsible for abolishing the electrical conductivity of graphene 30 . So, proton conducting GO film can act as a good gate dielectric film for EDL modulation and new-concept device applications. which an increased EPSC can be observed when the second spike closely follows a previous spike 32, 33 . The PPF can also be emulated in the artificial neuron. The inset of A fundamental computation of neurons is the transformation of incoming synaptic information into specific patterns of synaptic output 34, 35 . An important step of this transformation is dendritic integration, which includes addition of unitary events occurring simultaneously in separate regions of the dendrite arbor (spatial summation) and addition of nonsimultaneous unitary events (temporal summation) 34 . Figure 3c schematically shows the spatial summation with two spatial isolated synaptic inputs. Neurons in the primary visual cortex respond preferentially to edges with a particular orientation 36, 37 . Such orientation selectivity is necessary for encoding of visual images orientations. The feed-forward filtering function is considered as the mechanism that cause the enhancement near the preferred orientation 37 . Since a higher PPF facilitation ratio is obtained with the shorter ∆T in our artificial neuron, orientation tuning function can also be realized in our artificial neuron. We built a simple model of visual system which consists of a photodetector and processing circuit connected to the gate electrode of the neuron transistor, as shown in Fig At last, the implementation of neuronal arithmetic in individual neuron transistor is discussed. A neuron with branched dendrites can collect, integrate and modulate the presynaptic inputs and transmit the output spikes to other neurons through the axon 31 .
Two types of presynaptic inputs are correlated to such neural transmission: the driving inputs that can make the relevant neuron fire strongly, and the modulatory input that can tune the effectiveness of the driving input 40, 41 . As an analogy, the pulse voltages (0.5 V, 10 ms) were applied on G 1 and G 2 as driving inputs, and a low bias voltage (e. In conclusion, proton conducting GO films were proposed as the electrostatic coupling electrolytes for multi-gate oxide-based neuron transistor fabrication.
Paired-pulse facilitation, dendritic integration and orientation tuning functions were successfully emulated. Most importantly, neuronal gain control (arithmetic) in the scheme rate coding was also experimentally demonstrated. Since these functions are highly correlated to neural computations such as pattern recognition, sensory processing, etc., such neuron transistors provide the new-concept building blocks for neuromorphic cognitive systems. At present, the device size of the proof-of-principle artificial neurons is relatively large, and scaling the size down to 100 nm should be possible when an advanced photolithography process is used in the future. At the same time, flexible 3D integration should also be possible because all processes involved in the neuron transistor fabrication are performed at low temperature. Complete delamitation of graphite oxide into GO was achieved by ultrasonic treatment. Finally, the brown, homogeneous colloidal suspension of GO was obtained.
Experiment

Preparation and Characterizations of Graphene Oxide (GO) films:
X-ray photoelectron spectroscopy (XPS) measurements of GO films were carried out on AXIS UTLTRA DLD. For XPS measurement, GO solution were also spin-coated on a polished Si (100) wafer. The thickness of the GO films is measured by Stylus
Profiler (Dektak150, Veeco). 
Fabrication of Neuron
Supplementary information
Proton Conducting Graphene Oxide Coupled Neuron
S1. The experimental details of orientation tuning emulation.
Figure S1| If |θ|≤45 o , ten spikes will be triggered when the square panel moved from side to side.
Thus the frequency of the presynaptic spikes is: f=v/d=v⋅cosθ/w. 
S2. Supplementary animations of orientation tuning experiments.
The GIF format files titled "angle-0.gif", "angle-48-2.gif", "angle-60-0.gif", 
